Using a model system, we have studied deletion formation in Bacillus subtilis. When the staphylococcal plasmids pSA2100 (7.1 kilobases) and pUB110 (4.5 kilobases) were ligated to one another at their unique XbaI sites and transformed into either rec+ or recE4 strains of B. subilis, an intramolecular recombination event usually occurred. Two plasmids, one of 2.6 kilobases and the other of 9.0 kilobases, were consistently isolated and shown by restriction enzyme analysis to be derived by recombination occurring in the pSA2100-pUB110 cointegrate. Analysis of the sequence of the junctions of the recombinant plasmids and of the crossover regions of the parental plasmids suggested that a reciprocal, conservative, intramolecular recombination event had occurred between short 18-base-pair homologous sequences that were oriented as direct repeats and bounded by regions of dyad symmetry. Evidence is presented that the above illegitimate recombination event is biased to occur intramolecularly and that randomly chosen direct repeats of either 22 or 29 base pairs are not sufficient to support recombination. The recombination event occurs in recAl, recB2, recD3, recES, recL16, recM13, polA59, polA13,, and stb mutants of B. subdlis and does not require that the competent state be established.
A problem often encountered in cloning experiments is the instability of recombinant plasmids due to intramolecular rearrangements. These are often independent of the general recombination systems of the host strains (1, 10, 13, 25, 27, 37, 44) . In Escherichia coli, recA-independent recombination events are known to occur between short regions of homology which are in direct orientation (1, 27) . In Bacillus subtilis, recE-independent recombination events are not as well characterized, but homologous DNA sequences have also been implicated (30, 43) .
To learn more about illegitimate recombination in B. subtilis, we have studied a cloning event which consistently leads to recombination independent of the recE gene product (16) . Since the event occurs reproducibly and at high frequency and since the products of the recombination are stable and can be readily isolated, this system was adopted as a model for the study of intramolecular rec-independent recombination in B. subtilis.
We report here that this illegitimate recombination event takes place reciprocally between short regions of homology which are present as direct repeats and which appear to be bounded by sequences displaying dyad symmetry. Recombination in the crossover region may occur only intramolecularly; there is no evidence for intermolecular recombination between the sites.
MATERIALS AND METHODS
Plasmids and bacterial strains. The plasmids used for most experiments were pUB110 (28), a 4.5-kilobase (kb) plasmid which confers resistance to kanamycin (Km), and pSA2100, a 7.1-kb plasmid specifying resistance to chloramphenicol (Cm) and streptomycin (Sm). pSA2100 was originally derived from an in vivo fusion event between plasmids pC194 (Cmr) and pSA0501 (Smr) (26) . pE194 is a 3.5-kb plasmid which specifies resistance to erythromycin (Em), and pBD15 is a high-copy (cop-6) mutant of pE194. pBD142 is a derivative of pBD15 which carries a 1.7-kb insert containing the Cmr gene of pC194. Plasmid pBD64 is a 4.5-kb product of a * Corresponding author.
spontaneous deletion event occurring in a cointegrate of pUB110 and pC194 (17) . It confers both Kmr and Cmr. Other plasmids are discussed in the text. The rec+ B. subtilis host strains were BD170 (trpC2 thr-5) and BD630 (his leu met). The recE4 host strains were BD224 (trpC2 thr-5 recE4) and IS170 (his met recE4). Other strains are listed in Table 1 .
Culture methods and transformation. Liquid cultures were grown in VY (2.5% veal infusion [Difco Laboratories, Detroit, Mich.], 0.5% yeast extract [Difco] ). Solid medium was tryptose blood agar base (Difco). Concentrations of antibiotics used for selection were as follows: 5 ,ug/ml for erythromycin and chloramphenicol, 10 p.g/ml for kanamycin, and 20 ,ug/ml for streptomycin. Transformation was performed with frozen competent cells as described previously (6) . Protoplast transformation was also carried out as previously described (3) .
Isolation of plasmid DNA. Plasmid DNA was isolated and purified from stationary cultures grown overnight in VY at 32°C as described by Gryczan et al. (15) . Rapid preparations for the screening of plasmid content were made from 1.5-ml cultures grown overnight at 32°C in VY essentially as previously described (21 (Amersham) . Labeled DNA was separated from unincorporated nucleotides on Sephadex G-25 (Pharmacia Fine Chemicals, Inc., Piscataway, N.J.). DNA was routinely labeled to a specific activity of 1 x 108 to 3 x 108 cpm/nug. Gel blotting and DNA hybridizations were carried out by the method of Southern (42) withO.8% agarose slab gels and BA85 nitrocellulose membranes (Schleicher & Schuell, Inc., Keene, N.H.). RESULTS Ligation of pUBllO and pSA2100 DNA: the system. pSA2100 is a 7.1-kb plasmid formed by in vivo fusion of the Cmr plasmid pC194 and the Smr plasmid pSA0501 (26) . It was linearized by restriction digestion at its unique XbaI site and joined by ligation to another plasmid, pUB110 (28) , which had been similarly linearized with the restriction enzyme XbaI. pUB110 confers Kmr and contains 4.5 kb. The ligated DNA was transformed into the B. subtilis strain BD630, and transformants were selected on plates containing kanamycin, chloramphenicol, and streptomycin or only kanamycin and chloramphenicol. Five colonies from each selection were purified by streaking on plates containing the appropriate drugs. The colonies selected for Kmr and Cmr were all Smr. DNA preparations of the 10 purified transformants were analyzed by electrophoresis on 0.8% agarose gels (Fig. 1) . Two plasmids were present in each transformant clone, one of 9.0 kb and the other of 2.6 kb. In addition, a relatively faint band the size of the cointegrate was visible in most preparations. In a second experiment, the ligation mixture was transformed into strain BD170 (rec+), and DNA was isolated from transformants before the colonies had been purified by single colony isolation. The DNA patterns on 0.8% agarose gels of seven of the eight transformants analyzed were the same as for the DNA of purified colonies, with the exception that in addition to the 9.0-and 2.6-kb plasmid bands, there was a more prominent band that was clearly of cointegrate size (11.6 kb). The presence of cointegrate in these experiments indicated that the cointegrate was capable of replication in the transformants and that the deletion event had occurred after at least one round of cointegrate replication. The eighth transformant clone carried an alternate set of plasmids. Size determination and restriction digestion of these plasmids indicated that they were the original parents used in the ligation, i.e., pSA2100 and pUB110. In these cases, the parental plasmids had probably self-religated, and since transformation was carried out at high DNA concentration, a double transformation event had occurred.
With two exceptions noted below, no evidence was obtained for cointegrate or recombinant derivatives derived by the ligation of pUB110 and pSA2100 in the reverse orientation. The reverse cointegrate was therefore either itself inviable or yielded inviable or unselectable recombinant products. Although unexplained, the relative rarity of reverse cointegrates represents an advantage, since it simplifies the analysis of our experimental data.
Effect of host mutations. Several rec-mutants and strains carrying other mutations affecting DNA metabolism were tested for their ability to support the apparent intramolecular recombination event. Ligation mixtures of XbaI-cleaved pUB110 and pSA2100 DNA were transformed into the strains listed in Table 1 . In addition to the rec, polA, and uvr strains listed, a strain carrying the stb mutation and one cured for phage sp, were tested. stb has been reported to decrease the instability of recombinant plasmids introduced into B. subtilis from E. coli by transformation (36) . The sp,B-cured strain was included to test the possibility that an spp-specific function was required for the intramolecular recombination event. Plasmid DNA preparations isolated from transformant clones were screened by gel electrophoresis. The DNA content of several transformants from each strain was analyzed, and at least one DNA preparation from each strain contained the recombinant 2.6-and 9.0-kb plasmids. Those As with another cointegrate discussed below, restriction analysis of this plasmid revealed that pSA2100 and pUB110 had been ligated to one another in the orientation opposite to that in the cointegrate that gives rise to the usual recombinant products. We conclude from these experiments that the recombination event was supported at a measurable frequency in all strains analyzed. Determination of whether the competent state is required for the recombination event. Transformation of DNA into B. subtilis ordinarily requires that the cells be in a competent state. To test whether the competent state is required for the recombination event, ligated DNA was used to transform protoplasts of strain BD170, and 11 regenerated colonies were screened for plasmid content. Five colonies contained the usual 9.0-and 2.6-kb products. The other six colonies contained the parental plasmids. The establishment of the competent state is therefore not required for the recombination event.
Mapping the deletant plasmids. To learn more about the recombination event, the recombinant junctions of the 9.0-and 2.6-kb plasmids were physically mapped. Earlier attempts to separate the two plasmids by transformation had resulted in selection of only the 9.0-kb plasmid which carries all three resistance determinants (T. Gryczan and D. Dubnau, unpublished data). The 2.6-kb plasmid was therefore judged to be cryptic, unable to replicate autonomously, or both. The plasmids were mapped with several restriction enzymes. The map of the 9.0-kb plasmid corresponded to that of the predicted cointegrate parent, except that part of the pUB110 sequence and part of the pC194 moiety of pSA2100 were missing. The missing restriction sites were all present on the 2.6-kb plasmid, and restriction analysis of this plasmid yielded a map which is consistent with the order of the sites in the predicted cointegrate (T. Gryczan and D. Dubnau, unpublished data) (Fig. 2 ). Restriction analysis of the recombinant plasmids, therefore, indicated the following. (i) One recombinant junction lies within the pC194 moiety of pSA2100, and the other lies within pUB110. (ii) There is no gross rearrangement of parental DNA in the cointegrate other than the deletion event which yields two plasmids. The restriction site mapping data are consistent with a reciprocal, conservative, intramolecular recombination event. Information exists as to the locations of the replication and antibiotic resistance genes of plasmids pSA2100 and pUB110 (S. J. Projan, personal communication; 17, 22, 39) . This information can be transferred to the physical maps of the 9.0-and 2.6-kb plasmids (Fig. 2) . The large plasmid carries the three resistance determinants as well as the pUB110 and pSA0501 origins of replication. The latter is probably inactivated by ligation into the XbaI site. The small plasmid is cryptic and carries the replication region of pC194. The recombinational sites, which produce the 9.0-and 2.6-kb plasmids, are located in or near the replication regions of pUB110 and pC194. Five independent pairs of recombinant isolates were mapped. In each case, the restriction site maps of the 9.0-and 2.6-kb plasmids were identical.
Sequence analysis of the recombinational junctions. To better understand the nature of the recombination event and to confirm on the nucleotide level that the event occurs via a reciprocal, conservative, intramolecular mechanism, the junctions of five independently isolated pairs of recombinant plasmids were sequenced. Two pairs were isolated from a rec+ strain, and three were isolated from a recE4 strain. In all cases, the sequences of the junctions were identical. Each junction sequence was determined on one strand and then compared with the known parental sequences. All of pC194 has been sequenced (22) , but it was necessary to determine the parental sequence of the relevant region of pUB110 (unpublished data). The 2.6-kb plasmid was 5' end labeled at its unique HpaII site, and the sequence of the HpaII-XbaI junction fragment was determined. Similarly, the Hinfl fragment containing the junction sequence of the 9.0-kb plasmid was 5' end labeled, and the Hinfl-BstNI junction fragment was sequenced. Results are shown in Fig. 3 . Both the 2.6-and 9.0-kb plasmids contain identical 18-base-pair (bp) sequences at the recombinant junctions. An examination of the parental sequences in the crossover region revealed that pSA2100 and pUB110 also contain copies of the 18-bp sequence. The former copy is within the pC194 moiety of pSA2100. Flanking the 18-bp homologous core are regions of partial homology. To the left of the core, 13 of 20 bp in pUB110 are homologous to 13 of 15 bp in pC194. To the right, the first 3 bp of pC194 are homologous to 3 of the first 4 bp in pUB110. There is no evidence for gene conversion; the recombination event appears to be symmetric. The crossover regions in both pSA2100 and in pUB110 are bounded by regions of dyad symmetry. In the cointegrate, the recombination sites are separated by ca. 2,600 bp, and the 18-bp region of identity is in direct repeat orientation. The five representative isolates examined, therefore, are generated by rec-independent, reciprocal recombination events which occurred within short, directly repeated regions.
Stability of a ApUB11O-pSA2100 cointegrate. If the pUBllO and pSA2100 homologous regions are both necessary for rec-independent recombination, it follows that the removal of one of them would confer stability on the cointegrate plasmid. To test this, pUBllO was digested with the restriction enzymes NcoI and XmnI (Fig. 2) formation into a plasmid-free recipient, demonstrating that when a mutation has occurred, it is located on the plasmid.
We further tested the structural stability of one of the ApUB110-pSA2100 cointegrates. This cointegrate was introduced by transformation into isogenic rec+ and recE4 backgrounds (BD170 and BD224). A single colony of each strain was picked, purified, and then grown in VY in the presence of kanamycin, chloramphenicol, and streptomycin with repeated subculturing. After various periods of growth, samples were taken, and the plasmid content was examined on 0.8% agarose gels. There was no evidence for structural instability, even after 103 generations. Therefore, either the pUl3110 homologous region alone or more likely both homologous regions are required for recombination.
Apparent absence of intermolecular recoanbination between the recombinogenic sequences. The question was posed whether these recombinogenic regions can support intermolecular recombination. Since the sequences apparently necessary for recombination are located on pUB110 (4.5 kb) and pC194 (3.0 kb), rec+ and recE4 strains containing both plasmids were analyzed for the presence of a cointegrate structure (7.5 kb). Plasmid DNA was isolated from such strains after ca. 60 generations of growth and digested with the restriction enzyme BgIl. pC194 is uniquely cleaved by this enzyme, whereas pUB110 contains no BglI site. A presumptive 7.5-kb cointegrate formed by a reciprocal, single, intermolecular recombination event between these plasmids would be linearized by digestion with Bgll. The BglI digests were electrophoresed on 0.8% agarose gels together with undigested controls, suitable linearized size standards, and a series of DNA concentration standards (Fig. 4) Since the smaller plasmid was independently transformable into a plasmid-free recipient, this experiment also demonstrates that it can replicate autonomously, probably by using pC194 replication functions (Fig. 2) .
To determine whether a 13-kb (9.0-plus 4.0-kb) cointe In.
direct orientation (perhaps flanked by regions of dyad symmetry) and that this recombination occurs predominantly, if at were ca. 1.4 not exclusively, as an intramolecular event. striction digesDetermination of whether any short region of homology will erted TaqI A result in intermolecular recombination. Since our evidence contained the suggests the involvement of short, direct repeats in illegitiin Fig. 2 . DNA mate recombination, we asked whether the presence of 274) was then other short regions of homology provides a sufficient condigest of pUB110 tion for rec-independent recombination to occur. To answer I cloning. The this question, plasmi%ds were constructed in which randomly rec+ or recE4 chosen short sequences were duplicated. The plasmid pBD15 ction for Kmr, contains seven AluI fragments, of which the smallest, AluH, r. Of 30 rec+ is 22 bp long. AluH was isolated and cloned into the StuI site iat were tested of pBD64 (Kmr Cmr) to yield pBD254 and into the PvuII site ol, erythromyof pUB110 to form pBD271 (Fig. 6) . Each plasmid contain-, , respectively, ing the 22-bp fragment of pBD15 was then digested at its parations from unique XbaI site and ligated to XbaI-cleaved pBD15. The and seven Kmr ligation mixtures were transformed into a rec+ recipient and, lyzed on 0.8% in the case of pBD271 DNA, into a recE4 isogenic strain.
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VOL. 162, 1985 on November 6, 2017 by guest http://jb.asm.org/ Plasmid DNA preparations were analyzed for the presence of the expected cointegrate plasmids and for the orientation in the cointegrate or its recombination products of pBD15 with respect to pBD254 or pBD271. One orientation would contain the cloned AluH fragment arranged parallel to the AluH fragment of pBD15. Therefore, if both orientations were stable, the implication would be that any 22-bp direct repeat is not sufficient to result in intramolecular recombination (Fig. 6) . The plasmid DNA of eight independent pBD15-pBD254 transformants was found to be of expected cointegrate size. Restriction analysis determined the orientation of the two parental components of these cointegrate DNAs. Two of the cointegrates were in one orientation (orientation 1), and six were in the opposite orientation (orientation 2) (Fig. 6 ). The analysis of DNA of the pBD271-
Evidence for the absence of intermolecular recombination between the hybrid recombinant sites on the 4.0-and 9.0-kb plasmids. The plasmids were transformed independently into strains BD170 (rec+) and BD224 (recE4). Plasmid DNA was isolated, cut with restriction enzymes that linearize the 4.0-kb plasmid (HpaI), and electrophoresed on a 0.8% agarose gel. The DNA was blotted to nitrocellulose filters, and 32P-labeled pBD15 DNA was used to probe for the presence of a linear cointegrate structure (13.0 kb). The upper panel shows the ethidium bromide-stained gel, and the lower one shows the Southern hybridization. The bracketed region shows the approximate expected position of a 13-kb linear cointegrate. Lanes A and B, 4.0-and 9.0-kb plasmids isolated from BD170 and BD224, respectively; lane C, 10.7-kb size standard; lanes D and E, 4.0-and 9.0-kb plasmid mixture cleaved with HpaI and isolated from BD170 and BD224, respectively; lanes F and G contain linear pBD15 as a concentration standard (lane F, 0.001 pug; and lane G, 0.0001 ,ug). Samples (0.5 ,ug each) of the digested 4.0-and 9.0-kb plasmid DNAs were loaded on the gel. The gel was intentionally overexposed to increase the sensitivity of detection. pBD15 transformants yielded similar results. The pBD271-pBD15 mixture was used to transform rec+ (BD630) and recE4 (IS170) competent cultures. Fourteen independently isolated plasmid DNA preparations from rec+ transformants contained plasmid DNA of cointegrate size. Of these, restriction analysis showed that four contained the parental plasmids ligated in orientation 1, and 10 contained those ligated in orientation 2. The plasmid contents of 15 independent recE4 transformants were analyzed as above. All contained plasmids of cointegrate size. Five were in orientation 1, and 10 were in orientation 2. In these experiments there was a bias in favor of orientation 2. This was consistent with control experiments, in which pBD64 or pUB110 lacking a cloned AluH fragment was ligated to pBD15. Of 28 pBD64-pBD15 control cointegrates analyzed, 6 were in orientation 1, and 22 were in orientation 2. Similarly, of 11 pUB110-pBD15 cointegrates isolated from the rec+ strain, 2 were in orientation 1, and 9 were in orientation 2. The same was true of the 11 pUB110-pBD15 cointegrates isolated from the recE4 strain. Two were in orientation 1, and nine were in orientation 2. Although the reason for this bias is not known, it clearly does not result from the 22-bp intramolecular homology which was introduced but it is characteristic of the cointegrate itself. Further experiments Were carried out in which the 29-bp AluG fragment of pBD15 was cloned into the StuI site of pBD64, and this derivative, after cleaving with XbaI, was ligated to XbaI-cleaved pBD15. Stable cointegrates were again obtained in both orientations. These experiments suggest that the presence of any short region of directly repeated homology of either 22 or 29 bp is not a sufficient condition for high-frequency intramolecular recombination to occur.
DISCUSSION
The present study shows that reciprocal, intramolecular, rec-independent recombination in B. subtilis can occur between sites which contain a short region of homology. These sites are separated by approximately 2.6 x 10i bp in the pSA2100-pUB110 cointegrate plasmid and are oriented directly with respect to one another. The recombination site in pSA2100 includes at least 36 bp, 34 of which are homologous to residues contained within 42 bp of the recombination site in pUB110. Within both of these sites, there is an 18-bp core region of perfect homology within which the crossover event takes place. reference 2) or that the recombination event involves either a short region of heteroduplex overlap, or none at all.
The homologous sequences of pUB110 and pSA2100 lie in or near the replication regions of the plasmids. This may simply reflect a tendency toward sequence conservation in such regions or may be due to the involvement of the replication apparatus in the recombination event.
The 18-bp core region in both pSA2100 and in pUB110 is bounded on both sides by regions of dyad symmetry (Fig. 3 ) which may themselves be replication related. Whether these symmetries are required for recombination at the regions of homology is not yet known. Palindromic sequences do affect recombination. It is known, for instance, that large palindromes cause rec-independent instability in E. coli and in many cases confer inviability on plasmids containing them (4, 5, 18, 19) . Palindromes may potentially form cruciform structures. Lilley and Kemper (29) proposed that since cruciforms are structurally similar to Holliday junctions, enzymes that resolve the Holliday junction might also be expected to cleave cruciform structures. Similarly, in our case, DNA secondary structure involving the flanking regions of dyad symmetry may provide signals for the action of recombination enzymes. Interestingly, Glickman and Ripley (12) have noted that the endpoints of deletions in E. coli often are located at positions containing direct repeats in association with dyad symmetries.
We constructed plasmids in B. subtilis that contained identical 22-or 29-bp sequences and found that direct repeats of these sequences did not result in a detectable frequency of intramolecular recombination. This suggests that the rec-independent recombination mechanism in B. subtilis requires more than just a short region of homology. Unless these recombination sequences are ubiquitous, it is unlikely that the rec-independent intramolecular recombina-VOL. 162, 1985 tion has an absolute sequence specificity, since deletional instability is frequently observed when foreign DNA is inserted into plasmid vectors in B. subtilis. The sequence itself bears no resemblance to other known sequences required for rec-independent intramolecular recombination in E. coli, such as the res site of Tn3 (14) . It also lacks any resemblance to sequences required for site-specific inversion events (41) or to sites specific to DNA gyrase-mediated recombination (24, 31, 33) . The recombination event in B. subtilis may require sequences which conform to some consensus, or perhaps there is simply a requirement for homologous sequences flanked by regions of dyad symmetry. It is also possible that these structural elements must exist in some relationship to the replication apparatus for recombination to occur. Deletional analysis of the recombinogenic sites and site-specific mutagenesis of particular bases in the recombinogenic site will help determine the specificity requirements of the rec-independent recombination system of B. subtilis.
Our recombination event appears to be predominantly an intramolecular phenomenon in both recE4 and rec+ strains. The recE4 gene product is known to be necessary for intramolecular recombination in B. subtilis, involving long stretches of homology. The exact length of homology required for recE-mediated replacement recombination is not known. However, below a length of homologous DNA of ca. 300 to 700 bp (7) , the frequency of transformation integration is very low. Eighteen, 22, and 29 bp of complete homology or 34 bp of interrupted homology is, most likely, too little to be recognized by the recE-dependent system. This provides a plausible explanation for the failure to detect a recE-dependent component in the intermolecular recombination events which we have studied. It is also possible that the recE gene product cannot promote reciprocal (Campbelllike) recombination events. However, recE-independent intermolecular recombination is also not detectable in the present system, although there is precedence for such a mechanism in B. subtilis. For instance, the temperature-sensitive plasmid pE194 can integrate randomly into the B. subtilis chromosome by a recE-independent mechanism, albeit at a very low frequency (ca. which would be undetectable in our experiments (21) . In Staphylococcus aureus, intermolecular recombination can also occur at a low frequency, resulting in plasmid cointegrate formation (34) . Cointegrate formation occurs via intermolecular recombination between specific homologous sites (RSA or RSB) which comprise 70 and 30 bp, respectively. Our recombination sites bear no apparent sequence resemblance to RSA or RSB.
Two models have been proposed for recA-independent deletion formation in E. coli. Albertini et al. (1) proposed that deletions are generated by "slipped mispairing" of the short homologies on the complementary strands during DNA replication. Ikeda et al. (23, 25) 
